The ubiquity of satellite DNA (satDNA) sequences has raised much controversy over the abundance of divergent monomer variants and the long-time nucleotide sequence stability observed for many satDNA families. In this work, we describe the satDNA BIV160, characterized in nine species of the three main bivalve clades (Protobranchia, Pteriomorphia and Heteroconchia). BIV160 monomers are similar in repeat size and nucleotide sequence to satDNAs described earlier in oysters and in the clam Donax trunculus. The broad distribution of BIV160 satDNA indicates that similar variants existed in the ancestral bivalve species that lived about 540 million years ago; this makes BIV160 the most ancient satDNA described so far. In the species examined, monomer variants are distributed in quite a complex pattern. This pattern includes (i) species characterized by a specific group of variants, (ii) species that share distinct group(s) of variants and (iii) species with both specific and shared types. The evolutionary scenario suggested by these data reconciles sequence uniformity in homogenization-maintained satDNA arrays with the genomic richness of divergent monomer variants formed by diversification of the same ancestral satDNA sequence. Diversified repeats can continue to evolve in a non-concerted manner and behave as independent amplification-contraction units in the framework of a 'library of satDNA variants' representing a permanent source of monomers that can be amplified into novel homogeneous satDNA arrays. On the whole, diversification of satDNA monomers and copy number fluctuations provide a highly dynamic genomic environment able to form and displace satDNA sequence variants rapidly in evolution.
Introduction
A significant fraction of the eukaryotic genome is made up of satellite DNA (satDNA). These are tandemly repeated sequences that underlie heterochromatic genome compartments (Charlesworth et al., 1994; Schmidt and HeslopHarrison, 1998) . SatDNAs evolve after a pattern known as concerted evolution. Concerted evolution is achieved by the spread or elimination of mutated repetitive units, a process known as homogenization (through mechanisms of non-reciprocal transfer such as gene conversion, unequal crossing-over, rolling circle replication and reinsertion, and transposon-mediated exchange) and variant fixation among reproductively linked individuals (Dover, 1986 (Dover, , 2002 . Large differences in satDNA sequences observed among related species are traditionally interpreted as a consequence of accumulated changes in separate lineages in the absence of selective pressure. The library model explains the origin of these differences by amplification-contraction events in a set of satDNAs shared by a group of organisms, a phenomenon that does not necessarily include rapid sequence alterations (Fry and Salser, 1977; Meštrović et al., 1998 Meštrović et al., , 2006a Ugarković and Plohl, 2002) . In this way, one or a few satDNAs can become highly represented in a taxon, whereas others remain as low-copy number repeats, often not easily detected.
Recent analysis of interspecifically conserved repeats, coexisting in the root-knot nematodes of the genus Meloidogyne, suggested two phases in the dynamics of satDNA evolution (Meštrović et al., 2006a) . The first phase is tandem amplification of a sequence segment and establishment of a variability profile in the satDNA family. In this phase, sequence spreading can be driven by interplay between selective pressure and stochastic events. The second phase is long-time persistence of satDNA arrays in a library, characterized by reduced homogenization of sequence changes and random-copy number fluctuations.
SatDNAs have been extensively studied in groups such as arthropods and vertebrates, whereas substantial information about the distribution and evolution of this kind of sequences in molluscs is still lacking. Studies performed until now have indicated that bivalve species exhibit a number of different satDNAs in the genome, and some families are shared between species. For example, a recent survey of repetitive DNAs in the king scallop Pecten maximus revealed the existence of six different families (Biscotti et al., 2007) , one of them exhibiting sequence similarity to the Donax trunculus EcoRV (DTE) satellite (Plohl and Cornudella, 1996) . A set of three satDNAs has been isolated in mussels of the genus Mytilus: PCR assays have discovered the presence of these satellites in oysters and scallops, but failed to show their occurrence in other Pteriomorphia and in all tested Veneroida (Martinez-Lage et al., 2005) . The clam Venerupis philippinarum shares its 400 bp satDNA with some other Tapetinae species, namely V. aurea and Paphia undulata, but not with V. decussata (Passamonti et al., 1998) .
In this paper, we characterize a satDNA family related to satellite repeats described in oysters (Lopez-Flores et al., 2004) and in the clam D. trunculus (Plohl and Cornudella, 1996) . Sequence variants, here grouped as the BIV160 satDNA family, are compared in nine bivalve species of Subclasses Protobranchia, Pteriomorphia and Heteroconchia. The occurrence of BIV160 sequences in various subclasses indicates that this is the oldest satDNA family described so far. The results presented in this paper support the concept of the dual character of satDNAs: the ability of tandem repeats to preserve their nucleotide sequence for long-time periods, and, at the same time, to allow rapid shifts of variants in the repetitive family.
Materials and methods
Samples and DNA extraction Genomic DNA was isolated from foot muscles of alcoholpreserved specimen of nine species belonging to four orders and three subclasses of Bivalvia using a standard phenol/ chlorophorm protocol (Supplementary material S1). For PCR analyses, DNA was isolated from a single individual of each species, with the exception of V. decussata, for which a specimen from each of three different populations has been studied separately (Supplementary material S2). As in the latter case, no differences linked to sampling locality could be observed (not shown), all 37 sequenced monomers were combined in a single set. Large-scale isolation of genomic DNA from V. decussata for restriction experiments was carried out from 4 to 5 individuals per population, using the same protocol as above.
PCR amplification, cloning and Southern blot hybridization All PCR amplifications were performed with the following programme: initial denaturation for 5 0 at 941, 35 cycles at 941 for 30 00 -1 0 , 501-571 for 30 00 -1 0 , 721 for 30 00 -2 0 and final extension at 721 for 7 0 . Primers used are listed in Supplementary material S3. PCR on genomic DNA of the crustacean Triops cancriformis (Branchiopoda, Notostraca) and a blank reaction were carried out as controls. Amplicons were electrophoresed on a 1.5% agarose gel, DNA in bands of interest eluted using Wizard SV Gel and PCR Clean Up System (Promega, Madison, WY, USA), ligated in a pGEM-T Easy vector (Promega) and used to transform Escherichia coli DH5a competent cells.
Genomic DNA of V. decussata was digested with 24 restriction endonucleases (AccI, AluI, ApaI, AvaI, BamHI, BclI, BglII, DdeI, DraI, EcoRI, HaeIII, HindII, HindIII, HpaI, MspI, NdeI, NsiI, PstI, RsaI, SacI, SalI, SmaI, StuI and TaqI) according to the instructions provided by the manufacturers. StuI restriction-obtained 160 bp-long monomer sequences were ligated into a pUC18/SmaI-linearized plasmid and transformed as above.
Hybridization was performed using the DIG DNA Labelling and Detection Kit (Roche, Basel, Switzerland), according to the manufacturer's instructions. DNA probes were digoxigenin labelled and signals detected by CDPStar (Roche). To assure detection of a broad range of sequences, Southern blots were hybridized at moderate conditions (65 1C; washed at the same temperature in 1 Â SSC, 0.1% SDS) with a combination of labelled monomer variants cloned from studied species. Dot blot quantifications were determined by densitometry of hybridization signals of diluted genomic DNA spotted onto a membrane. The calibration curve was constructed from signals of serially diluted cloned fragments.
Sequencing and sequence comparisons
Sequencing was performed at Macrogen Inc. (Korea), with the Big Dye Terminator kit on ABI3730XL DNA Analyzer (Applera, Norwalk, CT, USA). Sequences submitted to Genbank obtained the accession numbers EU275729-EU275748 and EU925654-EU925762.
The newly sequenced repeats were analysed together with the following sequences drawn from Genbank: (i) HindIII satDNA family from oysters (Lopez-Flores et al., 2004) : Crassostrea gigas (AJ601431-AJ601437, AJ604547, AJ604548); C. virginica (AJ601414-AJ601417); C. angulata (AJ601422-AJ601430); C. gasar (AJ601418-AJ601421); C. ariakensis (AJ604549-AJ604555); Ostrea edulis (AJ601406-AJ601413); O. stentina (AJ604556-AJ604560); (ii) DTE satDNA (Plohl and Cornudella, 1996) , E1 and E2 families (X86926-X86938).
Sequence editing and alignments were performed using the CLUSTAL algorithm of the Sequence Navigator package (Applera). BLAST searches (Altschul et al., 1990) were performed with monomer consensus sequences derived for each species. As the boundaries of a satDNArepeated unit are established arbitrarily, the monomer consensus sequence was duplicated in tandem and the obtained dimeric consensus sequences were used to refine BLAST searches.
Phylogenetic analysis was carried out with the Maximum Parsimony method implemented in PAUP* v40b (Swofford, 2001) . All characters were equally weighted. The treatment of gaps either as missing data or as fifth state character did not affect the analysis. Heuristic search was carried out with simple stepwise taxon addition and Tree Bisection-Reconnection branch swapping algorithm. Nodal supports were calculated after 1000 bootstrap replicates, and only clusters with values X70% were considered as significant.
Analysis of sequence variability
Average monomer length, nucleotide composition and sequence variability, calculated as mean P-distances (expressed as percentages) within and between groups, were estimated with MEGA4 software (Tamura et al., 2007) . The distribution of nucleotide diversity Pi (average number of nucleotide differences per site in a sample population) along the set of satellite monomer variants was calculated using a 10 bp sliding window with a sliding step of 1 bp, using DnaSP v 4.5 (Rozas et al., 2003) . Variable and conserved sequence blocks were considered as significant when Pi exceeded two times the standard deviation (s.d.) of the average value. Moreover, to make the analysis more stringent, only blocks of a minimum size of a single window (that is 10 consecutive sliding window values exceeding two times s.d.) were used.
Sequence divergence between satDNAs was evaluated through the analysis of transition stages (Strachan et al., 1985) . Variations at each nucleotide position in two compared monomer sets are divided in classes from 1 to 6, which follow gradual accumulation of changes in one of the sets at a given position. In this study, original classes have been regrouped as in Meštrović et al. (2006a) : homogenized stage (class 1), intermediate transition stage (classes 2-4) and advanced stage showing the complete homogeneity of different nucleotides at the same position in each set, and subsequent introduction of a new mutation (classes 5-6). Non-homogenized nucleotide positions occurring concurrently in both sets of monomers could not be grouped according to the method of Strachan et al. (1985) . However, mutations shared by both groups of variants at a given position are assumed to be inherited from an ancestral set of monomer variants, and are, therefore, considered as a distinct subgroup (see also Mravinac et al., 2005) .
Results
Detection and initial characterization of BIV160 satDNA family In order to search for repetitive sequences related to HindIII satDNA from oysters (Lopez-Flores et al., 2004) and DTE satDNA from D. trunculus (Plohl and Cornudella, 1996) , PCR primers DTE2-78/DTE2-36 were first designed on the basis of alignment of their consensus satellite monomers (Supplementary material S4a). The sampling of repeated sequences through PCR amplification has been used earlier in variability studies of several satellite families. This approach detected a broad range of variants (for example Cesari et al., 2003; Hall et al., 2003) , even wider than the set obtained by restriction/ cloning (Petrović et al., 2009) . PCR products, likely to be specifically amplified from related satDNA variants, were observed in V. verrucosa and V. pullastra and less defined in V. decussata, whereas, in the other tested species, such fragments could not be detected under the reaction conditions used (not shown). Fragments amplified from V. verrucosa and V. pullastra were cloned and sequenced. Aligned sequences were used to construct new, more specific, primer sets for subsequent screening experiments (VVE-54/VVE-205 and VPU-24/VPU-231;
Supplementary materials S3 and S4b), resulting in amplified tandemly repeated monomer variants of the same satDNA family in all tested species (Supplementary materials S5). As a further test, V. decussata genomic DNA was digested with the restriction endonucleases listed in Materials and methods. Digestion with StuI resulted in a ladder-like banding pattern typical for DNA sequences arranged in tandem (Figure 1a) , and the circa 160 bp long monomeric restriction fragment was cloned and sequenced. An additional primer set, decStuI-F/ decStuI-R, was constructed on the basis of cloned V. decussata satDNA monomer (Supplementary materials S3 and S4c), but it turned out to amplify satellite repeats efficiently only in this species and in Nucula sp. (see also Table 1 ). Sequence comparisons of satellite variants obtained either from PCR amplified fragments or from restricted genomic DNA monomers did not reveal differences that would indicate a bias because of the experimental approach. Only fragments larger than the monomer size were used to clone PCR products in order to trim out primer binding sites from sequenced fragments. On the whole, 147 monomers (139 from PCR amplifications and 8 from DNA restriction) were analysed in 9 bivalve species (Table 1) .
Average monomer length resides in a narrow range between 158 bp in V. philippinarum and 166 bp in V. verrucosa (Table 1 ). The only exception is represented by three monomers in Glycymeris glycymeris: these are 278 bp long owing to the internal duplication of a sequence segment within the 159 bp long regular monomer repeat. Nucleotide composition of satellite monomers is biased towards A þT richness, the average content being 61% (Table 1) . Alignments revealed sequence similarity between all monomers and allowed derivation of the consensus sequence (Figure 1b) . The whole family of monomer variants is henceforth named as BIV160.
BLAST searches of data base entries (June 2009) with either monomeric or dimeric BIV160 consensus sequence revealed expected similarities with sequences of the HindIII satDNA family from oysters (Lopez-Flores et al., 2004) and DTE satDNA from D. trunculus (Plohl and Cornudella, 1996; Figure 1b) . In addition to this, similarity to several entries representing gene flanking sequences or microsatellite-related regions has been found (Supplementary materials S6). The significance of dispersion of BIV160-related monomers or their (Plohl and Cornudella, 1996) , and MITE-like element Pearl (from nucleotide 98-253 of the 465 bp long full size element; Gaffney et al., 2003) . Grey boxes highlight regions apparently conserved among all four groups of sequences.
Conservation and divergence of satellite DNAs M Plohl et al fragments merits further investigation, which will be presented elsewhere, though it may merely reflect the ability of these sequences to move (or to be moved) across genomic locations.
The relative contribution of BIV160 satDNA to the genome of each species (with the exception of Nucula sp., owing to the limited quantity of DNA available) was assessed by dot blot analysis (Table 1) . Obtained values show that BIV160 is present as a low-copy satDNA (0.01-0.1% of genomic DNA) in all examined species except in V. decussata, in which it is represented in significantly higher amounts (2%). It is also possible that the genomic abundance of BIV160 repeats is underestimated because of high diversity of monomer sequence variants. For comparison, E1 and E2 families of D. trunculus comprise 0.09 and 0.23% of the genome, respectively (Plohl and Cornudella, 1996) , whereas the only available estimate of HindIII satDNA in oysters relates to C. gigas, whose genome harbours from 1 to 4% of this tandem repeat (Clabby et al., 1996) .
Sequence divergence and distribution of mutations in sequenced monomers
For the taxa sequenced in this paper, the intraspecies sequence variability ranges from 7.9% in Mya arenaria to 26.6% in V. rhomboides (Table 1) , whereas the interspecies values range from 16.6% (Nucula sp. vs V. decussata) to 41.6% (V. philippinarum vs V. rhomboides). The overall extent of monomer sequence divergence, irrespective of the taxon, is quite large, as it spans the range from complete identity to a divergence of 54.3% (average ¼ 26%). When including HindIII monomers of oyster (Lopez-Flores et al., 2004) and D. trunculus DTE satellite (Plohl and Cornudella, 1996) , the upper limit of this range rises to 65% nucleotide substitutions (average ¼ 35.1%).
The existence of related variants of BIV160 monomers allows the study of sequence variability distribution within and among examined taxa. Sliding window analysis identified both conserved and variable boxes in the majority of species (Figure 2) . Each species clearly exhibits its own profile, and a common pattern cannot be derived even when congeneric species of the genus Venerupis are considered. In addition to comparisons made after grouping sequences by species of origin, monomers were also analysed by grouping on the basis of the clustering of variants (see next section). Even in this case, no pattern of conserved/variable boxes could be retrieved among sequences (not shown). However, visual comparisons of species-defined consensus sequences retrieved two regions of lower variability, constituted by 25 and 10 nucleotides, respectively, that are also shared by HindIII, DTE consensus sequences and by the Pearl sequence (Figure 1b) . Sequence inspection of the two stretches did not reveal any similarity with other known sequences. However, they may indicate a putative motif retained throughout the evolution of these repeats.
Clustering of BIV160 monomer variants
In the Maximum Parsimony heuristic search, the MAXTREE limit was reached at 9900th shortest trees. In the cladogram (Figure 3) , three clustering patterns are distinctive. The first concerns species or species-groupspecific clusters, as observed for M. arenaria, D. trunculus and oyster monomers (for clustering in oysters, see Lopez-Flores et al., 2004) . The second pattern is just the opposite: repeats cannot be grouped into distinct clusters and cannot be separated into species-specific terminal 
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branches. In V. decussata, which is the species with the highest amount of BIV160 satDNA, the analysis of 37 sequenced monomers shows an intermingling with monomers isolated from other species. No specific clustering into subfamilies emerges from diagnostic mutations. The third clustering pattern can be observed for monomers of V. philippinarum, V. rhomboides and V. pullastra: some of their monomers are scattered across the tree, whereas some others are grouped in speciesspecific branches. More specifically, V. philippinarum sequences form one highly supported cluster (green in Figure 3 ) in which 11 out of the 16 sequenced monomers can be found. The other five monomers are dispersed throughout the tree, diverging from the main cluster by about 39%. Six out of 14 V. rhomboides repeats build a single cluster with very low sequence variability (0.2%), but diverging up to 34.4% from other monomers detected in the same species. V. pullastra sequences are grouped in two separate clusters with 5 and 3 monomers (red clusters with 100% bootstrap supports, Figure 3 ). Although the first cluster appears closely related to two V. decussata monomers (93% bootstrap support), the second appears weakly related to the G. glycymeris/ V. verrucosa group (see below). Other V. pullastra sequences diverge from the above-mentioned groups by 25.2-26.6% and appear in the less-resolved bottom part of the tree, together with Nucula sp., D. exoleta and V. decussata monomers and one V. philippinarum variant. The three longest G. glycymeris monomers are highly homogeneous (sequence diversity of 0.2%) and group in a well-supported cluster together with two V. philippinarum repeats. The long G. glycymeris form shows 42.8% divergence from the standard-length variants, which group together with V. verrucosa sequences in several weakly resolved clusters (Figure 3) . The complex pattern of relations between BIV160 monomer variants and the The analysis of transition stages performed on venerid samples (Figure 4a and Supplementary material S7) shows that the majority of classifiable nucleotide positions detected in given pairs of satDNA subsets are at an intermediate transition stage having from 8.2 to 37.0% of total changes. On the contrary, in the comparison between V. verrucosa and V. rhomboides just one mutation is in the advanced stage of sequence homogenization. However, the highest number of mutations observed in all comparisons are actually unclassifiable according to the method used (Strachan et al., 1985) . Unclassifiable changes include those shared between the two monomer sets assumed to result from homogenization events that occurred before taxa cladogenesis rather than being a consequence of independent mutational events at the same position (Mravinac et al., 2005) . In compared venerid species, interspecifically shared mutations represent a large fraction within the category of unclassified changes (from 18.0 to 35.2%), indicating ancient spreading events that occurred before the species split. No detectable shift in the variation profile reflects phylogenetic distances among venerid taxa as was observed in oysters (Lopez-Flores et al., 2004) . Here, even when comparisons between more distantly related taxa are taken into account, the picture does not change: comparisons between Nucula sp. (Protobranchia) sequences and those from the two venerid taxa D. exoleta and V. decussata (Heteroconchia) (Figure 4b ) or between G. glycymeris (Pteriomorphia) and V. verrucosa (Heteroconchia) (Figure 4c) show exactly the same pattern.
Discussion
The BIV160 family of satellite repeats is detected in species belonging to the three main clades of the Class Bivalvia (Protobranchia, Pteriomorphia and Heteroconchia). The similarity with HindIII satDNA from oysters (Clabby et al., 1996; Lopez-Flores et al., 2004) and DTE satDNA from D. trunculus (Plohl and Cornudella, 1996) places all these sequences in the same superfamily of satellite repeats, related in turn to the MITE-like repetitive element Pearl found in Crassostrea and Anadara (Gaffney et al., 2003; Lopez-Flores et al., 2004) . The occurrence in species belonging to all three main clades indicates that the origin of these repetitive sequences may be dated back to the origin of the Class Bivalvia itself, deep in the Pre-Cambrian Era (Morton, 1996) . In this case, the BIV160 satDNA family may be about 540 million years old, thus representing the oldest described satDNA. Among ancient satDNAs, the PstI family in sturgeons is thought to be 4100 million years old (Robles et al., 2004) , whereas the identification of sequences related to the primate-specific a-satDNAs in the transcriptome of zebrafish moved the age of this sequence back to the origin of bonefishes, about 400 million years ago (Li and Kirby, 2003) . The observed distribution of the three Mytilus satellites shared with species from the subclass Pteriomorphia indicates that an expansion should have occurred about 150 million years ago, at the onset of the genus (Martinez-Lage et al., 2005) .
The data reported here show the clustering patterns of BIV160 variants isolated from a set of mollusc species. Besides having a broad range of interspecifically intermingled variants, some of the species also gave rise to a few homogeneous monophyletic clusters. Their position within the variability profile of other monomers indicates a recent origin by amplification of a variant from a common pool, probably in the course or after speciation. This distribution is consistent with the satDNA library model (Fry and Salser, 1977; Meštrović et al., 1998 Meštrović et al., , 2006a , but with monomer variants acting as independent amplification-contraction units. Their random amplification in the library (Pons et al., 2004) can explain the dominance of a homogeneous cluster of monomers in M. arenaria, the abundance of divergent variants lacking species specificity, or the combination of both features in V. decussata and V. rhomboides, respectively. A library of satDNA monomer variants has been detected in Bacillus stick insects: parthenogenetic taxa lack species-specific variants as a consequence of their kind of reproduction .
The overall variability profile of satDNA monomers in a genome is a complex feature that depends on genomic Figure 4 The distribution of transition stages (in percentages) according to the classification described by Strachan et al. (1985) and modified in Meštrović et al., 2006a (see explanation in Materials and methods). It should be noted that bars of unclassifiable mutations embody values of changes shared among species and assumed to represent ancestral mutational events. The group of bars 'a' pertains to comparisons between venerids, the group 'b' indicates comparisons between Nucula sp. vs D. exoleta and V. decussata and the group 'c' indicates comparisons between G. glycymeris and V. verrucosa, considering the set with the longest G. glycymeris monomers (left bar) or without them (right bar). For more details on each comparison, refer to Supplementary material S7.
Conservation and divergence of satellite DNAs M Plohl et al distribution and homogenization patterns among variants, putative selective constraints imposed on them, as well as on reproduction mode and population factors (Dover, 1986 (Dover, , 2002 Durfy and Willard, 1989; Schindelhauer and Schwarz, 2002; Luchetti et al., 2003; Macas et al., 2006; Meštrović et al., 2006a; Kuhn et al., 2008) . Sequence diversity of randomly sampled monomers of a satDNA family in a species usually does not exceed a few per cent (for example Kuhn and Sene, 2004) . However, high variability characterizes monomers of some satDNAs, such as in alpha-satellite (Rudd and Willard, 2004) , in satDNAs of eusocial insects (Lorite et al., 2004; Luchetti et al., 2006) and in presently sampled BIV160 monomers. Taken together, BIV160 monomer variants accumulate mutations that are not spread among them, suggesting a reduced sequence homogenization and non-concerted evolution. Low efficiency of homogenization processes is supported by high number of ancestral changes that were neither homogenized nor eliminated in the extant taxa. The dominance of ancestral shared changes was also detected in several long-time conserved satDNAs characterized by highly abundant, nearly identical monomers (1-2% divergence) organized in large homogeneous arrays (for example Mravinac et al., 2002 Mravinac et al., , 2005 Meštrović et al., 2006b) . Consequently, variability profiles of these monomers do not allow linking variants to the species of origin. Although it is difficult to understand the real causes and consequences of this phenomenon, at present there are two plausible explanations: (a) once established, a mutational profile is favoured because of constraints imposed on the sequence in the heterochromatic environment (Ohta and Dover, 1984; Dover, 1987; Mravinac et al., 2002 Mravinac et al., , 2005 Meštrović et al., 2006a; Plohl et al., 2008) and (b) accumulation and spread of new mutations in a repetitive family is slow owing to biological aspects of DNA sequence evolution in these organisms (Luchetti et al., , 2006 Robles et al., 2004) .
The search for possible constraints posed on nucleotide sequences revealed two conserved motifs common to the BIV160 consensus sequences, HindIII (LopezFlores et al., 2004) , DTE (Plohl and Cornudella, 1996) families and the Pearl sequence (Gaffney et al., 2003) . Broad distribution and ancestry may indicate functional constraints imposed on parts of the monomer sequence. Sequence motifs, in addition to other features (for example inverted repeats, clustered A and T nucleotides, sequence induced DNA curvature; reviewed in Plohl et al., 2004) may be relevant as yet uncharacterized sites involved in DNA-protein interactions in heterochromatin (Hall et al., 2003) . For example, motifs related to the human centromeric protein recognition site CENP-B box (Masumoto et al., 1989) were identified in many satDNAs, including those from molluscs (Canapa et al., 2000) . Alternatively, the suggested function of conserved segments might be as regions of homology necessary for recombinational processes within and/or between satD-NA arrays (Hall et al., 2005) .
The unifying feature of many satDNAs is repeat length itself, which is suggested to be required for correct nucleosome positioning or for some other architectural feature of heterochromatin (Henikoff et al., 2001) . Despite the relatively high sequence diversity of BIV160 monomers, their length is clustered around 160 bp, with very few exceptions. In addition, similarities in the monomer length could be an outcome of genomic specificities in turnover rates, as predicted in theoretical models (Stephan and Cho, 1994) . For example, in the clam D. trunculus, all satDNAs detected until now have about 160 bp long monomers, despite differences in sequence, GC composition, abundance and chromosomal location (Petrović et al., 2009) .
The cause of diversity and genomic dispersal of BIV160 sequences can be explained by their relation to the MITElike element of the Pearl family, detected in oysters (Gaffney et al., 2003) . Although direct evidence is lacking, the function of transposable elements in the origin and spread of satDNAs has been suggested in many instances, such as in Drosophila (Miller et al., 2000) , cetaceans (Kapitonov et al., 1998) and human beings (Kipling and Warburton, 1997) . Among bivalves, satDNAs found in Mytilus show a SINE-like structure (Martinez-Lage et al., 2005) . At the moment, it is not possible to establish a direct connection among a MITE-like element, tandem repeats and the presence of dispersed BIV160 sequences found on different genomic locations, including in the vicinity of genes. It can be speculated that transposition might account for the wide distribution that BIV160 shows among bivalve species. Further, lateral transfer in animals is believed to be a rare event (Andersson, 2005) . As the distribution pattern of BIV160 variants would require multiple concomitant transfers among species, we consider it as a rather unlikely scenario.
Recent study of a satDNA library in root-knot nematodes indicated long-time persistence of variability profiles of satDNA families (Meštrović et al., 2006a) . The BIV160 satDNA seems to be in this phase, in which mutations accumulate, but do not spread among monomer variants. This pattern differs from that followed in BIV160-related HindIII satDNA in oysters, in which mutations accumulate in a species-distinctive manner and in correlation with species phylogeny (Lopez-Flores et al., 2004) . Differences in satDNA sequence dynamics within and among species are not unusual. For example, sequence variability of a satDNA differs between closely related Vicia species, being considerably higher in one taxon than in the other (Macas et al., 2006) . In satDNA of the Drosophila buzzatii species cluster, all envisaged situations can be found: a pool of ancestral repeats is maintained without being homogenized for any particular variant and regardless of the copy number, whereas in some sets concerted evolution either favours an already existing mutational profile or preferentially homogenizes variants that acquired new changes (Kuhn et al., 2008) . However, the reasons for a switch between the types of sequence management are not clear. It may be that the HindIII satDNA represents a family that descends from a particular variant, derived from the BIV160 repeats by mutations, homogenized and fixed in oysters. In comparison, homogeneous clusters of BIV160 variants detected in some species (for example in M. arenaria in Figure 3 ) may represent an initial stage of evolution of a new satDNA family.
Taken together, the observations reported here and in several recent papers (Luchetti et al., 2006; Meštrović et al., 2006a; Kuhn et al., 2008) allow us to build an integrated view on pathways of diversification of satDNA sequences in some organisms ( Figure 5) . A new satellite array is formed by amplification of a sequence segment (Figure 5a ). Sequence homogeneity among repeating units is maintained by various recombination mechanisms responsible for the phenomenon of concerted evolution (Dover, 1986 (Dover, , 2002 , meaning that mutations will either spread among repeat variants in the array (genome) or disappear (Figure 5b ). This phase corresponds to the first phase in the life-cycle model of satDNA evolution (Nijman and Lenstra, 2001) . Reduced homogenization between variants on different genomic locations can lead to sequence diversification and accumulation of satDNA subfamilies in a genome ( Figure 5b and b 0 ; Dover, 1986; Durfy and Willard, 1989; Schindelhauer and Schwarz, 2002) . Alternatively, as discussed above, variability profiles can remain 'frozen' during long evolutionary periods (Figure 5c ; Mravinac et al., 2002; Meštrović et al., 2006a) . Even then, new satDNAs can be formed by amplification of mutated monomers (green box in Figure 5c ) evolving in regions of limited sequence homogenization at the array borders (Mravinac and Plohl, 2007 , and references therein). Source arrays (Figure 5c ) and those formed by mutated monomers (Figure 5d ) will presumably evolve independently because of sequence differences among diverged monomers. The resulting diverged repeats can be considered as elements of a satDNA library (Fry and Salser, 1977; Meštrović et al., 1998 ). An additional source of modified repeats can be in gradually degenerated homogeneous arrays predicted to form the final stage in the satDNA life cycle (Figure 5e ; Nijman and Lenstra, 2001) . Beside of being lost because of enhanced accumulation of mutations in a non-concerted manner (Figure 5f ), the results discussed here suggest that diverged variants can persist in a genome and novel tandem arrays can be formed by amplification of a particular variant (Figure 5g ). Together with other DNA sequence(s) expanded into a satDNA (Figure 5h ), all variants (Figures 5a-g ) contribute to the genomic library of satDNA sequences Plohl, 2002, Plohl et al., 2008) .
The evolutionary pathway presented in Figure 5 unifies two features of satDNAs, homogeneity of arrays and the ability to produce a library of variants derived from the initial sequence, and two patterns, concerted and non-concerted evolution. It must be noted that there is no determinism in this scenario and that re-routings and shortcuts between steps presented here should be possible, resulting in the phenomenon that every diverged variant follows its own path, including being lost. For example, gain and loss of each variant (and/or a satDNA family) may occur at any stage of the cycle because of fluctuations in the copy number. However, although impossible to predict, gains and losses in the satDNA library can be congruent with species evolutionary history (Meštrović et al., 2009) . In this way, satDNAs provide a stable, but at the same time highly flexible system of sequences that, if involved in some functional interactions, can rapidly respond to changes, as proposed for interactions in centromeric regions (Dawe and Henikoff, 2006, Plohl et al., 2008) . 
